Recent evidence that Wnts and other genes in the Wnt signaling pathway are expressed in embryonic and adult mouse lung suggests that this pathway is important for cell fate decisions and differentiation of lung cell types. We therefore examined the expression and protein distribution of several Wnt pathway components during prenatal mouse lung development using whole-mount in situ hybridization and immunohistochemistry. Between embryonic days 10.5 and 17.5 (E10.5-E17.5), b-catenin was localized in the cytoplasm, and often also the nucleus, of the undifferentiated primordial epithelium (PE), differentiating alveolar epithelium (AE; present from E14.5 onward), and adjacent mesenchyme. Tcf1, Lef1, Tcf3, Tcf4, sFrp1, sFrp2 and sFrp4 were also expressed in the PE, AE, and adjacent mesenchyme in specific spatio-temporal patterns. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
Results
Previous studies of expression of Wnts and Wnt signaling related genes (Wnt2, Wnt11, Tcf1, Lef1, sFrp1, sFrp2 and sFrp4) in the embryonic and adult mouse lung (LevayYoung and Navre, 1992; Oosterwegel et al., 1993; Rattner et al., 1997; Lako et al., 1998) did not address the temporal and spatial localization of transcripts and proteins in relation to morphogenesis and differentiation of the murine lung. Null mutations of Wnt genes or Wnt signaling related genes have not been reported to have lung abnormalities. Therefore, to further explore the possible role of Wnt signaling in lung development, we investigated the expression of Tcf/Lef and sFrp family members, as well as the localization of bcatenin in embryonic mouse lungs using whole-mount in situ hybridization (ISH) and immunohistochemistry (IHC).
Tcf1 (Fig. 1A ,B) expression was low in primordial (PE) and alveolar (AE;Ten Have-Opbroek, 1991) epithelium and high in adjoining mesenchyme from E10.5 to E17.5, with highest levels between E12.5 and E14.5. The distinct localization of RNA near the cell borders compared with the weaker localization in the cell center is probably due to the presence of glycogen aggregates in the central cytoplasm and the concentration of cell organelles in the relatively glycogen-free peripheral cytoplasmic rim (Ten HaveOpbroek and Plopper, 1992) . Lef1 (Fig. 1C,D) expression was high in mesenchymal cells adjacent to PE and AE and low in the epithelium from E10.5 to E16.5, with highest levels between E12.5 and E14.5. Tcf3 (Fig. 1E,F) was expressed from E10.5 to E17.5, with highest levels between E11.5 and E15.5, in the PE and AE, especially at the apical cell side, and at low levels in adjacent mesenchyme. A specific subcellular localization was also demonstrated for pair-rule, wingless and other transcripts in the Drosophila embryo (see Wilkie and Davis, 2001 ). Tcf4 RNA (Fig. 1H) was detectable in the PE and adjoining mesenchyme between E10.5 and E14.5. sFrp1, sFrp2, and sFrp4 were expressed from E10.5 to E14.5, while sFrp3 RNA was not detected at any developmental age. sFrp1 ( Fig. 2A ,B) and sFrp2 (Fig. 2C ,D) RNA levels were high in mesenchyme adjacent to the PE, and low in the PE. Moderate levels of sFrp4 RNA were present in the PE (Fig. 2F) , and low levels in adjacent mesenchyme between E10.5 and E15.5.
Tcf1 protein (Fig. 3A) was detected from E10.5 to E17.5 in the PE, AE and surrounding mesenchymal cells, with highest levels between E12.5 and E15.5. Lef1 protein ( Fig. 3B ) was present in mesenchymal cells adjacent to the PE and AE from E10.5 to E15.5, with highest levels between E11.5 and E14.5. Tcf3 and Tcf4 protein (not shown) were present in the PE, AE and adjacent mesenchymal cells between E11.5-E17.5 and E10.5-E17.5, with highest levels between E12.5-E13.5 and E11.5 and E12.5, respectively. sFrp1 (Fig. 3C ) and sFrp2 protein were detected in the PE between E11.5 and E14.5. In contrast with the RNA levels, low levels of sFrp1 and sFrp2 protein were present in adjacent mesenchyme. Surfactant protein A (SP-A; Fig. 3D ) marked the AE from E14.5 onwards. Cytoplasmic and nuclear localization of b-catenin was found in the PE, AE, and adjacent mesenchymal cells (Fig. 3E,G ) from E10.5 to E17.5 ,in addition to membrane localization Fig. 3D ) and adjacent mesenchyme; (C), E13.5: positive Lef1 expression in a lung lobe (primordial stage); (D), E12.5: Lef1 RNA is present at low levels in the PE ( ¼ pseudostratified columnar cells) and at high levels in adjacent mesenchyme; (E), E13.5: positive Tcf3 expression in a lung lobe (primordial stage); (F), E14.5: Tcf3 RNA is present in the AE and adjacent mesenchyme; (G), E13.5: representative image of whole-mount hybridization controls (sense probe for Lef1), which is negative (unstained), similar to the other sense hybridization controls; sections from sense whole-mount ISH lung lobes were also negative (unstained); (H), E12.5: Tcf4 RNA is present in the PE and adjacent mesenchyme. Magnification: (A,G), £ 10; (C,E), £ 60; (B,F), £ 300; (D), £ 180; (H), £ 210. (Fagotto et al., 1998) . After E13.5 (Fig. 3G) , non-membranous b-catenin decreased in the mesenchyme.
Materials and methods

Whole-mount ISH
Embryonic lungs (E10.5-E 18.5) were obtained from an inbred Swiss-type mouse strain by timed matings, fixed in 4% paraformaldehyde/citrate buffer and dehydrated. Antisense and sense digoxigenin-labeled RNA probes were generated for Tcf1 (1.8 kb), Tcf3 (1.8 kb), Tcf4 (0.5 kb), Lef1 (1.0 kb) (Oosterwegel et al., 1993; Korinek et al., 1998) , sFrp1 (2.5 kb), sFrp2 (2.0 kb), sFrp3 (2.5 kb) and sFrp4 (1.8 kb) (Rattner et al., 1997) . Whole-mount ISH was performed as described (Wilkinson, 1992) . Experiments were repeated at least three times for each probe/developmental age using sense probes as controls. Whole-mount ISH lung lobes were re-fixed and processed for sectioning at 5 mm to localize mRNAs.
IHC
IHC was performed on 5-mm sections from paraformaldehyde-fixed embryonic lungs as described (Ten HaveOpbroek et al., 1997) . Polyclonal antibodies against Tcf1 (N-19), , sFrp1 (C-19) and sFrp2 (C-18) were from Santa Cruz Biotechnology (Santa Cruz, CA), and that against SP-A was SALS-M (Oomen et al., 1990) . SP-A was used to detect differentiating AE (Ten Have-Opbroek, 1991) . To detect b-catenin, a monoclonal (clone 14; Transduction Laboratories, San Diego, CA) and a polyclonal (Sigma, Saint Louis, MO) antibody were used, giving similar results. Fig. 3 . Tcf/Lef, sFrp, b-catenin and SP-A protein distribution in embryonic mouse lungs. IHC using 3-3 0 diaminobenzidine (DAB) as the chromogen ( ¼ brown) and nuclear counterstaining with hematoxylin ( ¼ grayish to purple). (A) E12.5: Tcf1 protein is present in the PE and adjacent mesenchyme; (B), E12.5: Lef1 protein is present at low levels in the PE and at high levels in adjacent mesenchyme; (C), E12.5: sFrp1 protein is present at high levels in the PE and at low levels in adjacent mesenchyme; (D), E16.5: SP-A marks differentiating AE; (E), E12.5; and (G), E14.5: b-catenin protein is present in the cytoplasm and nucleus of the PE (E) and AE (G) in addition to membrane localization, and in adjacent mesenchymal cells. (F) E12.5; and (H), E14.5: immunohistochemical controls using normal goat or rabbit IgG as the primary antibody (shown), PBS, or omission of one of the incubation steps, were negative. Magnification: (A-C,E), £ 150; (D), £ 60; (F-H), £ 225.
